In most helical systems electron Internal Transport Barriers (e-ITB) are observed in Electron Cyclotron Heated (ECH) plasmas with high heating power density. In the stellarator TJ-II, eITBs are easily achievable by positioning a low order rational surface close to the plasma core, because this increases the density range in which the e-ITB can form. Experiments with different low order rationals show a dependence of the threshold density and barrier quality on the order of the rational (3/2, 4/2, 5/3, ...). In addition, during the formation of e-ITB quasicoherent modes are frequently observed in the plasma core region. The mode can exist before or after the e-ITB phenomenon at the radial location of the transport barrier foot but vanishes as the barrier is fully developed.
I. Introduction
Electron internal transport barriers (e-ITBs) are commonly observed in electron cyclotron heated (ECH) plasmas in stellarator devices such as CHS [1] , W7-AS [2, 3] , LHD [4, 5] and TJ-II [6, 7] . e-ITBs are usually established in conditions of high ECH heating power density and are characterized by peaked electron temperature profiles with improved core electron heat confinement [1] [2] [3] [4] [5] [6] [7] . In addition, a large radial electric field and shear in the inner region is measured [1] [2] [3] [4] 7] accompanied by a reduction of fluctuations [1] . Most of these experimental results support the hypothesis that the mechanism for barrier formation is linked to a bifurcation of the radial electric field E r while the subsequent reduction of turbulence is due to an enhancement of E r xB shearing flow. A topical review on transport barriers has been published in [8] and a comparative study of transport barrier physics in different helical devices is reported in [9] . The specific characteristics of TJ-II, i.e. low magnetic shear and high flexibility with regard to the magnetic configuration allow us the control of low order rational surfaces within the rotational transform profile and, therefore, the study of how the magnetic topology affects e-ITB formation. Experimentally, a rational surface can be positioned in the plasma core region by selecting the appropriate magnetic configuration. In addition, the rotational transform profile can be modified dynamically during the discharge by inducing an ohmic current [10] . Experiments performed changing the magnetic configuration have shown that the presence of a low order rational surface (n=3/m=2) close to the plasma core triggers the e-ITB formation [7] . During the e-ITB formation, the electron temperature, measured by the ECE diagnostic [11] , and the plasma potential, measured by the HIBP diagnostic [12] , increase in the plasma core region (ρ < 0.3), increasing substantially the radial electric field. Numerous experiments show that, despite the uncertainties in the determination of the rotational transform modification due to the plasma current, the rational surface should overlap the ECH power deposition profile for the development of the e-ITB [6, 7] . As it has been discussed in [13] , the key element to improve heat confinement is a locally strong positive radial electric field, which can result from a synergistic effect between enhanced electron flux through radial positions around low order rational surfaces and pump out mechanisms in the heat deposition zone. Thus, with the available ECH heating power in TJ-II (two gyrotrons with 200 kW each), e-ITBs can be also achieved in magnetic configurations without low order rationals in the plasma core region, but only at low enough plasma densities (line density < 0.5 10 19 m -3
) [6] . However, by positioning the 3/2 rational surface close to the plasma core region, e-ITBs are achievable at higher plasma densities (line density up to 0.8 10 19 m -3 ) [7] , which means that the rational surface reduces the ECH power per particle (P ECH /n e ) threshold. In the present paper new experimental results are reported showing the influence of the ECH power deposition profile on the e-ITB achievement and the effect of the order of the rational surfaces (4/2, 5/3,…) on the characteristics of the transition. Finally, we report on the plasma modes that appear during the e-ITB formation in the core region of the TJ-II stellarator.
II. Experimental results

II.a Influence of the ECH power deposition profile
To study the influence of the ECH conditions on the barrier formation, experiments have been performed changing the ECH power deposition profile. The power deposition profile can be changed from 'on-axis' to 'off-axis' heating conditions by changing the last mirror of the two ECH quasi-optical transmission lines. These mirrors, located inside the vacuum vessel, are steerable in both poloidal and toroidal angles [14] . Power deposition profiles focused at different plasma radius (from ρ = 0.0 to 0.4) have been considered in these experiments. Besides, to ensure that the rational surface 3/2 crosses the plasma central region, the rotational transform profile is modified dynamically during the discharge by the induction of a small ohmic current. The experiments show no indication of e-ITB in plasmas heated with power deposition profiles focused at ρ > 0.2. To illustrate this result we display in figure 1 the time evolution of the line-averaged plasma density, central electron temperature and plasma current in two discharges with power deposition profiles focused at ρ ECH ≈ 0.0 and ρ ECH ≈ 0.3. While the evolution of the line density and plasma current is very similar in both discharges, in the discharge with a power deposition profile focused at ρ ECH ≈ 0.3 the central temperature is lower and no indications of barrier formation are found. To interpret the experimental findings it is important to know the modification of the rotational transform profile due to the plasma current. To calculate this, one needs to know the radial profile of the toroidal current. Since in TJ-II no direct measurement of the current profile is available, the relevant contributions to the current should be calculated separately. In these experiments, we consider that the only contribution to the current profile is the induced Ohmic current, since similar discharges but without OH have plasma currents of about -0.2 kA, i.e. one order of magnitude smaller than with OH. The modification of the rotational transform profile due to the Ohmic current is calculated assuming Spitzer resistivity corrected by the fraction of passing particles and imposing the measured net plasma current evolution as boundary condition. With this only constraint, the calculated loop voltages are in fair agreement with the experimental ones. The evolution of the rotational transform profile has been calculated with the ASTRA package [15] after imposing flux surface averaged diagonal metric elements. This is a way to impose axisymmetry, a probably not bad assumption given the accuracy required and the large aspect ratio. The result is shown in figure 2 . The vacuum rotational transform profile is represented together with the ι-profiles at two different time instants -1160 ms and 1250 ms -for the discharges shown in figure 1: with ECH power deposition profiles focused at ρ ECH ≈ 0.0 (a) and ρ ECH ≈ 0.3 (b). The modification in the central part of the ι-profile is more pronounced in the discharge with 'on-axis' heating (ρ ECH ≈ 0.0) because of the higher central temperature. At the time of the e-ITB onset, 1160 ms, the rational 3/2 is located close to ρ ≈ 0.2 in this discharge (figure 2.a) but not in the discharge with 'off-axis' heating (ρ ECH ≈ 0.3, see the ι-profile at t=1160 ms in figure  2 .b). Nevertheless, the rational 3/2 crosses the plasma core later in the discharge with 'off-axis' heating (see the ι-profile at t=1250 ms in figure  2 .b), without any indication of e-ITB formation. This experiment shows that the formation of e-ITB requires a centered ECH power deposition profile for this net heating power. The spread of the 'offaxis' ECH profile reduces the power density and therefore the outward ECH-induced electron flux. In these conditions, the enhancement of the electron flux due to the 3/2 rational surface is not high enough to trigger the onset of the e-ITB.
II.b Effect of the order of the rational surface
Experiments with different low order rational have been performed to study the influence of the order of the rational on the characteristics of the transition. e-ITBs triggered by the 4/2 rational have been recently observed in TJ-II. Firstly, it is important to mention that experiments performed in magnetic configurations having the 4/2 rational in the ι-profile in vacuum show a degraded confinement and very often an unstable discharge evolution. However, as it will be shown, the rational 4/2 with moderate magnetic shear can have a favourable effect on the confinement. e-ITBs triggered by the 4/2 rational have been obtained in a magnetic configuration with vacuum rotational transform above two: ι/2π(a) = 2.2 and ι/2π(0)= 2.1, by inducing a negative plasma current by Electron Cyclotron Current Drive (ECCD). Figure 3 shows an example of e-ITB triggered by the 4/2 rational: the time evolution of (a) line-averaged density, (b) central electron temperature and (c) net plasma current of a discharge with ECCD is compared with a reference discharge with similar line density and in the same magnetic configuration but without ECCD. To estimate the modification of the rotational transform profile in these discharges we consider that both, ECCD and Bootstrap current, contribute to the plasma current density profile. Bootstrap current simulations for TJ-II indicate that the bootstrap current profile increases the rotational transform in the plasma core region while it has the opposite effect it in the outer half of the plasma [16] . ECCD current profile has been modelled by a gaussian function centred at the magnetic axis and with the ECH power deposition profile width. The obtained profiles are shown in figure  3 .d. The modification in the ι-profile due to the Bootstrap current is small in the whole plasma radius, however, the driven current density profile modifies considerably the ι-profile in the plasma core due to the associated high current density.
In the previous example, the e-ITB is sustained up to relatively high line densities: 0.7 -0. . Increasing further the plasma density the barrier disappears in a time scale comparable to that of its formation (≈ 50 µs). An example is displayed in figure 4 . In this example the plasma density is modulated along the discharge -(0.6 -1.1 -0.6) 10 19 m -3 -evidencing the existence of a maximum density above which the e-ITB disappears and a minimum density below which the e-ITB forms. In these examples, the e-ITB produces an increase in the electron temperature at the plasma centre of about 30% at relatively high line densities: 0.7 -0. . Several experiments have been performed to study the influence of the 5/3 rational surface on the e-ITB formation. We have performed scans in the radial position of the 5/3 rational by changing the vacuum magnetic configuration and also by inducing OH current. Such experiments reveal that the effect of this rational is weaker or negligible; generally, no barrier develops or a very weak barrier is observed. We have selected an example in which the induced OH current reaches -7 kA in a magnetic configuration with vacuum ι-profile above 5/3. Figure 5 .a-c shows the time evolution of the line-averaged electron density, central electron temperature and net plasma current. The ι-profiles calculated at three time instants, are shown in figure 5 .d together with the ι-profile in vacuum. The first time instant t=1080 ms has been selected because at this time the rational 5/3 is close to ρ = 0.2, but no transition is observed. Two transitions appear afterward in this discharge at times 1140 ms and 1170 ms matching with the appearance of the rationals 3/2 and 4/3 at ρ ≈ 0.2. The influence of the order of the rational surface on the e-ITB formation observed experimentally could be understood if the modification of the radial electric field induced by the rational surface depended on the width of the magnetic island.
Actually, experiments performed in LHD have shown that the development of sheared radial electric field depends on the width of the 1/1 magnetic island [17] . In TJ-II, the better performance of the e-ITB triggered by the 4/2 rational should then be a consequence of its larger width while the weak effect of the 5/3 rational should be consequence of its narrowness. The island width has to be larger than some threshold value to play a role in the barrier formation. However, too large islands can deteriorate the confinement.
II.c Quasi-coherent modes
A recent improvement in the signal to noise ratio of the HIBP system [12, 18] has allowed us to characterize the radial structure of plasma modes that appear during the e-ITB formation in the core region of the TJ-II stellarator [19] . HIBP measurements are obtained with temporal resolution of 10 µs and spatial resolution of about 1 cm. By sweeping the primary beam, the plasma potential profile can be measured in the whole TJ-II plasma cross-section with a repetition rate of a few milliseconds. Simultaneously, the profile of the secondary beam current is measured. Due to the relatively low plasma densities involved in these experiments (line densities: 0. 5 -1 10  19 m   -3 ), the beam current can be considered to be proportional to the local plasma density. Quasi-coherent modes have been identified in the HIBP profiles during the development of e-ITB. These modes are clearly observed in the beam current and, marginally, in the plasma potential. Figure 6 .a shows the radial profiles of the plasma potential and total beam current measured by HIBP in a magnetic configuration having the rational surface 3/2 close to the plasma core (ρ = 0.2 -0.3). The profiles are measured at two different time intervals during the discharge, t=1075 ms and t=1115 ms, with and without transport barrier, respectively. The electron temperature profiles are shown in figure 6 .b and the frequency spectra of the HIBP signals at t=1115 ms are displayed in figure 6 .c. The coherent mode has a frequency close to 20 kHz and is clearly seen in the secondary beam current signal measured at 1115 ms and appears also, thought not so clearly, in the plasma potential. The mode appears in the plasma region where core E r xB sheared flows later develop at the e-ITB formation. This can be seen in the plasma potential profile measured at 1075 ms. In agreement with previous results, the radial electric field increases (in the range 5 kV/m) during the e-ITB [7] . It is also observed that the formation of the barrier is accompanied by a strong reduction (even disappearance) of the mode.
Experimentally it is observed that the amplitude and the radial extension of the coherent modes evolve along a single discharge. Therefore, to properly characterize these modes, it is necessary to carry out HIBP measurements keeping fixed the observation radius during the discharge and modifying it in a shot to shot basis. These quasi-coherent modes are also observable in the electron temperature signals as far as their frequency lies within the video bandwidth of the low-pass filters (set to 20 kHz) used in the ECE diagnostic. The combination of measurements obtained using both diagnostics allow us to conclude that, the quasi-coherent modes are found to be localized within the radial range ρ = 0.0 -0.4, with maximum amplitude around ρ = 0.25 -0.35, close to the position of the e-ITB foot. Frequently, the modes are observed in discharges in which the e-ITB has an intermittent behavior. The mode starts growing simultaneously with the decay in the central temperature, reaching the maximum amplitude and radial extension when the barrier is finally lost. The recovery of the barrier is accompanied by the vanishing of the mode. Figure 7 shows an example in which the e-ITB has an intermittent character during the first part of the discharge. A time expansion of four electron temperature signals is displayed in figure 7 .b and their frequency spectra in figure 7.c. The mode appears first in the ECE channel located at ρ ≈ 0.35 and then it grows and expands to the adjacent channels being the maximum amplitude at ρ ≈ 0.24. In this example, the development of this mode is also accompanied by a flattening in the electron temperature profile. HIBP measurements at discrete radial positions have been obtained in similar discharges. The maximum amplitude of the coherent mode in the beam current is observed around ρ ≈ 0.3. The comparison between the ECE and the HIBP measurements at similar radial positions shows a strong correlation between ECE and HIBP once the quasi-coherent mode is developed. It is worth mentioning that though the presence of a low order rational surface close to the plasma core is a necessary condition for triggering the e-ITB formation in these experiments, the development of a quasicoherent mode is not indispensable for the e-ITB formation. Many examples exist in which no coherent oscillation is seen preluding the formation of e-ITBs. A possible cause of the reported quasicoherent mode may be attributed to MHD instabilities. In that case, the sheared radial electric field developed at the formation of the barrier may act as a stabilizing mechanism of the mode against the pressure gradient that should act as a free energy source.
III. Conclusions
In TJ-II e-ITBs can be triggered by positioning a low order rational surface at the plasma core region. The rational surface contributes to the outward electron flux that creates a locally strong positive radial electric field. In this way, e-ITBs are achievable at higher plasma densities, reducing the ECH power per particle (P ECH /n e ) threshold. The formation of e-ITB requires a centered ECH power deposition profile. The spread of the 'off-axis' ECH heating profile reduces the power density and therefore the outward ECHinduced electron flux. Experiments with different low order rationals show a dependence of the threshold density (and also of the barrier quality) on the order of the rational. The island width may be the relevant parameter in the modification of the radial electric field induced by the rational surface. Quasi-coherent modes are observed with maximum amplitude close to the foot of the e-ITB, where the E r xB shear flows develop at the e-ITB formation. The mode can exist before or after the e-ITB phenomenon at the radial location of the barrier foot but vanishes as the barrier is fully developed. A possible cause of the reported quasi-coherent mode may be attributed to MHD instabilities. In that case, the sheared radial electric field developed at the e-ITB formation may act as the stabilizing mechanism of the mode.
